The Brassicaceae include several major crop plants and numerous important model species in comparative evolutionary research such as Arabidopsis, Brassica, Boechera, Thellungiella, and Arabis species. As any evolutionary hypothesis needs to be placed in a temporal context, reliably dated major splits within the evolution of Brassicaceae are essential. We present a comprehensive time-calibrated framework with important divergence time estimates based on whole-chloroplast sequence data for 29 Brassicaceae species. Diversification of the Brassicaceae crown group started at the Eocene-to-Oligocene transition. Subsequent major evolutionary splits are dated to ;20 million years ago, coinciding with the Oligocene-toMiocene transition, with increasing drought and aridity and transient glaciation events. The age of the Arabidopsis thaliana crown group is 6 million years ago, at the Miocene and Pliocene border. The overall species richness of the family is well explained by high levels of neopolyploidy (43% in total), but this trend is neither directly associated with an increase in genome size nor is there a general lineage-specific constraint. Our results highlight polyploidization as an important source for generating new evolutionary lineages adapted to changing environments. We conclude that species radiation, paralleled by high levels of neopolyploidization, follows genome size decrease, stabilization, and genetic diploidization.
INTRODUCTION
Whole-genome duplications (WGDs; or polyploidization) have played a major role in plant evolution, and a series of important WGDs that occurred throughout the evolutionary past of land plants have been identified (De Bodt et al., 2005; Tang et al., 2010; Vanneste et al., 2014) . Consequently, all angiosperm lineages can be considered polyploid (Amborella Genome Project, 2013) , and many of them have undergone multiple WGD events. However, major questions concerning polyploid evolution have been discussed since Stebbins (1938 Stebbins ( , 1950 (reviewed in Soltis et al., 2014) , and there is ongoing discussion about the importance of polyploidization for plant species diversification (Mayrose et al., 2011; Arrigo and Barker, 2012; Soltis et al., 2014) . Do polyploids have an advantage over their diploid ancestors, and how is this realized? What causes species richness to be positively correlated with polyploidy? Why is polyploidy followed by genetic diploidization, often associated with genome downsizing? Iterative cycles of polyploidization and subsequent genome diploidization seem to bring significant evolutionary and adaptive advantages to polyploid plants, as illustrated by many examples (reviewed in Soltis et al., 2004 Soltis et al., , 2007 . Nonetheless, it remains unclear which specific processes or parameters initiate an increase in ploidy level and what triggers might be responsible for polyploidization (Flagel and Wendel, 2009 ).
The Brassicaceae are characterized by remarkable speciation rates, which are the highest among those reported for any land plant group (e.g., genus Draba [Jordon-Thaden and and Arabis [Karl and Koch, 2013] ). Additionally, tribal and family-wide lineage-through-time plots indicate accelerated evolutionary lineage and species number increases over the past 30 million years Karl and Koch, 2013) . Some of this diversification is correlated with polyploidization. Because WGDs are assumed to have played a major role in the speciation and diversification of angiosperms (De Bodt et al., 2005; Soltis et al., 2009; Tang et al., 2010; Jiao et al., 2011) , the significance of ancient polyploidy has also been investigated across the Brassicaceae family (Lysak et al., 2009; Franzke et al., 2011; Lysak and Koch, 2011; Kagale et al., 2014) . Based on the elapsed time since their occurrence and the level of genome diploidization, WGDs have been classified into three categories, as neo-, meso-, and paleopolyploid events (Mandáková et al., 2010a; Lysak and Koch, 2011; Kagale et al., 2014) .
The ancestral Brassicaceae-specific paleopolyploidization event is known as the a-duplication (At-a) and is shared among all Brassicaceae lineages. This WGD was first shown by Vision et al. (2000) and Bowers et al. (2003) , later shown to be Brassicaceaespecific (Schranz et al., 2012; Haudry et al., 2013; Hofberger et al., 2013) , and recently its maximum age was estimated to 47.1 million years ago (mya; Kagale et al., 2014) , thereby also providing the maximum age of the Brassicaceae stem group. The older b-WGD (At-b) was dated to 124 mya (Kagale et al., 2014) and is assumed not to be shared with the Caricaceae (Ming et al., 2008) . However, in an angiosperm-wide time-calibrated phylogeny including all reliable fossils, the Caricaceae node was set to 81.6 million years (Magallón et al., 2015) , thereby corresponding to the maximum age of the b-WGD. The discrepancy might be explained by the different approaches used to calculate divergence times: via relaxed evolutionary models (Magallón et al., 2015) or extrapolating a constant synonymous substitution rate (Kagale et al., 2014) . Recently, a Brassicales-wide transcriptome analysis provided phylogenetic placements of these two genome duplication events and the estimates are 40 and 88 mya for At-a and At-b, respectively (Edger et al., 2015) .
Mesopolyploidization events in Brassicaceae have been defined previously (Mandáková et al., 2010a; Lysak and Koch, 2011) . Although mesopolyploid WGDs are obscured by extensive chromosomal and genetic diploidization processes, such as chromosome rearrangements, chromosome number reduction, genome downsizing, and fractionation, duplicated genomic regions are still detectable by comparative genetic and cytogenomic approaches (Mandáková et al., 2010a) . The majority of mesopolyploidization events, frequently followed by later neopolyploidization, are connected to the early evolution of various Brassicaceae tribes . In neopolyploids, chromosome numbers are not reduced and most duplicated genomic blocks have not been reshuffled yet .
To date, four tribes (Heliophileae [Mandáková et al., 2012] , Microlepidieae [Joly et al., 2009; Mandáková et al., 2010a Mandáková et al., , 2010b , Brassiceae and Brassicas [Lysak et al., 2005; Wang et al., 2011; Cheng et al., 2013] , and Biscutelleae [C. Geiser, T. Mandáková, N. Arrigo, M.A. Lysak, and C. Parisod, unpublished results] ) and the genus Leavenworthia (Haudry et al., 2013) have been shown to be mesopolyploids, which have undergone post-At-a polyploidizations. However, the total number of mesopolyploidization events might be higher, considering isolated lineages characterized by extreme long branches in molecular phylogenetic reconstructions, as exemplified by the tribes Kernereae, Buniadeae, Heliophileae, and Cochlearieae. Some additional mesopolyploidy events have been postulated (Pringlea and Stanleya [Kagale et al., 2014] and Caulanthus [Burrell et al., 2011] , all from tribe Thelypodieae; Physarieae [Lysak et al., 2009] ), pending further validation.
The mustard family belongs to the order Brassicales (core eudicots and rosids) and consists of ;3740 species (Kiefer et al., 2014) . Together with two additional families, Cleomaceae and Capparaceae, the Brassicaceae are grouped into the "core Brassicales" (Beilstein et al., 2010) comprising 4440 species in total. The core Brassicales are distributed mostly in temperate regions of the world, with much fewer representatives in subtropical regions. The core Brassicales are further complemented by an additional 14 families with much lower species numbers, all belonging to the order Brassicales (245 species in total; Stevens, 2001) , and a preference for tropical regions. Brassicales is part of the Malvidae, and together with Fabidae, it forms the monophyletic Rosidae (Ruhfel et al., 2014) . Saxifragales and Vitales are sister to the Rosidae clade and all together form the Superrosidae (Ruhfel et al., 2014) with a crown group age of ;122 million years (Magallón et al., 2015) . The systematics, taxonomy, and evolutionary history of the Brassicaceae have long been controversial, although representatives of the family have always been the focus of systematists and taxonomists (Koch et al., 2003; Koch and Al-Shehbaz, 2009 ).
However, boundaries between related genera were often poorly delimited and attempts to group species diversity into higher order entities often failed in circumscribing monophyletic groups (e.g., for an overview: Arabis [Koch et al., 1999 [Koch et al., , 2000 [Koch et al., , 2001 , Arabidopsis Koch and German, 2013] , Lepidium , Thlaspi [Mummenhoff et al., 1997] , and family-wide [Al-Shehbaz, 2012] ). Therefore, past concepts combining genera into so-called tribes resulted not only in artificial but also contradicting concepts (reviewed in Koch and Al-Shehbaz, 2009; Lysak and Koch, 2011; Al-Shehbaz, 2012) . For a long time, this was also reflected by a lack of agreement on the number and boundaries of phylogenetically defined tribes and genera, giving rise to several contradictory classification systems (reviewed in Warwick et al., 2010) , and often led to wrong conclusions on trait and character evolution. In the most up-to-date overview, also used in BrassiBase (http://brassibase.cos.uni-heidelberg.de/; Koch et al., 2012; Kiefer et al., 2014) , the mustard family comprises 3740 species classified within 325 genera assigned to 51 tribes (Al-Shehbaz, 2012; BrassiBase, 2015) . Only 15 genera with 22 species are not yet assigned to any tribe (Al-Shehbaz, 2012; Kiefer et al., 2014) , representing <0.75% of the family-wide species diversity. Within the Brassicaceae, four major infrafamiliar evolutionary lineages have been repeatedly described (lineages I to III plus the sister group Aethionemeae; Bailey et al., 2006; Beilstein et al., 2006; Franzke et al., 2009; Lysak et al., 2009; Couvreur et al., 2010) . However, it has also been concluded that this simple view of four clearly separated lineages might not reflect well the evolutionary history of more than 50 tribes because of incongruences among published studies and lineage II most likely not being a monophyletic clade. Thus, debate is ongoing and various explanations have been proposed to explain unresolved or even contradicting phylogenetic hypotheses (e.g., hard polytomies in phylogenetic reconstruction, reticulate evolution, and extensive polyploidization; Couvreur et al., 2011; Franzke et al., 2011) .
Although the enormous present day abundance of both auto-and allopolyploids in Brassicaceae is obvious (Jordon-Thaden and , we lack a detailed overview for the whole family. Considering that we recognize paleo-and mesopolyploidization as important driving forces of past genome evolution in crucifers, we can hypothesize that neopolyploids are a potential source of future lineage diversification. Their percentage should be very high if polyploidization was a widespread and important process during the Brassicaceae evolutionary history, particularly in facilitating adaptation to changing environmental conditions (e.g., drought and cold, but also heat and sometimes extreme wet conditions). Some first and very rough estimates suggested ;37% (Appel and Al-Shehbaz, 2002; Warwick and Al-Shehbaz, 2006) or 50% (Koch et al., 2003) neopolyploid Brassicaceae species. Unraveling the evolution of neopolyploids in a spatio-temporal context is challenging as the time scales considered are much shorter, with the Pleistocene periods of glaciation and deglaciation cycling in 100,000-year intervals over a total period of only 2 million years (Imbrie et al., 1993) .
Here, we present a time-calibrated phylogenetic tree for the Brassicaceae based on whole-chloroplast genome sequences. We analyzed not only a representative set of Brassicaceae genomes, but also included a large set of angiosperm chloroplast genomes with the aim of placing the evolution of Brassicaceae into the context of large-scale phylogenetic studies focusing either on systematics (Ruhfel et al., 2014) or on angiosperm-wide divergence time estimates (Magallón et al., 2015) . We then tested the idea that neopolyploidization has driven the enormous radiation within the entire family by mining the literature for chromosome number reports from the past 100 years and putting these data into the context of genome size evolution as a potential indicator of WGD. While relating ploidy information to tribal-wide genome size estimates and base chromosome numbers, we also looked for footprints of putative mesopolyploidization events.
RESULTS

Phylogenetic Reconstructions and Divergence Time Estimates
The phylogenetic relationships based on whole-chloroplast genomes among taxa from the whole Superrosidae clade were fully in congruence with a large-scale angiosperm data set also using whole-chloroplast genome sequences (Ruhfel et al., 2014) . Consequently, the maximum likelihood (ML) trees for the Brassicaceae generated here are shown in Supplemental Figure 1 , including bootstrap values. Importantly, the fossil-constrained BEAST analysis ( Figure 1 ) resulted in an identical tree topology compared with the ML trees (Supplemental Figure 1) . The BEAST analysis was compared with the most recent angiosperm-wide calibrated phylogenetic tree (Magallón et al., 2015) ; indeed, the four divergence time estimates we used for fossil calibration perfectly fit estimates by Magallón et al. (2015) . These four constraints are considered the most reliable source for calibrating this particular superclade. Our chloroplast genome data indicated that the Brassicaceae crown group radiation dates back 32.4 mya. The corresponding stem group age was calculated by Magallón et al. (2015) with a maximum of ;44.2 mya including the Capparaceae. This gives an early origin of the Brassicaceae in the Eocene, but the first radiation occurred at the transition from Eocene to Oligocene (32.4 mya) with the split of Aethionemeae from the rest of the family (Supplemental Figure 2) . Much later, the split at the Eocene-Oligocene boundary was followed by a second split dated to 23.5 mya and subsequent rapid radiation of major lineages and tribes. These radiation events correspond exactly to the Oligocene-Miocene boundary (Supplemental Figure  2) . The two case studies included here with increased taxon sampling, tribe Cochlearieae and the genus Arabidopsis, are also fully in agreement with what we "know" about their evolutionary history. The deep split within Cochlearieae, separating the Mediterranean Ionopsidium from the arctic-alpine and Nordic Cochlearia, occurred 10.8 mya, in agreement with earlier molecular estimates and paleoenvironmental correlations (Koch, 2012) . Radiation within the polyploid complex and reticulate genus Cochlearia from within tribe Cochlearieae happened exclusively during the Pleistocene with the deepest split observed at 0.7 mya.
Similarly, the crown group age of the genus Arabidopsis was set to 5.97 mya. The Messinian salinity crisis ended 5.33 mya (GarciaCastellanos et al., 2009 ), and we could hypothesize that this period had considerable influence on the northern Mediterranean and the Balkan regions and, thereby, on the deepest split found within the Arabidopsis lineage. However, subsequent radiation among all existing perennial Arabidopsis species started 1.63 mya, close to the onset of Pleistocene glaciation and deglaciation cycles ;2 mya.
Cytogenetic Analyses
The total number of identified neopolyploid taxa was 715 (43.3%) out of 1653 analyzed taxa with available data and their frequency varied widely among tribes. We classified a taxon as neopolyploid if it had undergone an additional polyploidization event after the a-WGD or after any documented subsequent mesopolyploidization. Consequently, the large majority of neopolyploids was identified based on chromosome number variation (ploidy level variation) within a genus or among closely related genera mostly without a change in respective base chromosome numbers.
Our survey of haploid chromosome numbers and the percentage of neopolyploids per tribe is summarized in Table 1 . Note that the number of neopolyploids may vary slightly depending on taxonomic concepts (e.g., when recognizing intraspecific cytotypes as distinct species). A completely revised species checklist was used here for the chromosome number survey to minimize confusing taxonomic issues (Supplemental Data Set 1; the new Brassicaceae species checklist is also implemented in the BrassiBase knowledge database, http://brassibase.cos.uni-heidelberg.de/; Koch et al., 2012; Kiefer et al., 2014) . Treating infraspecific ploidy level variations (cytotypes) as the same species results in slightly higher numbers of neopolyploids (<1% over the whole data set) than if kept as separate taxonomic entities.
Neopolyploidy Is Only Weakly Correlated with Species Richness
If we contrast the percentage of neopolyploids with species richness (Figure 2 ), several very general observations are remarkable: (1) species richness of tribes is positively but only weakly correlated with the number of polyploids (r = 0.176, P < 0.01), (2) six tribes (Arabideae, Brassiceae, Cardamineae, Erysimeae, Lepidieae, and Thelypodieae) comprise nearly 50% of the 3740 Brassicaceae species, with 50% of neopolyploids found only in these six tribes. Interestingly, all six tribes belong to lineages I and II, with none in lineage III. Another minor observation (3) is that genera not assigned to any tribe yet, because of conflicting and incongruent phylogenetic signals, also consist of at least 50% polyploids. This might be indicative of a hybrid origin and thus reflect reported difficulties in reconstructing their phylogenetic relationships (Beilstein et al., 2010; Couvreur et al., 2011) .
Tribes with 100 to 200 species (Alysseae, Boechereae, Coluteocarpeae, Euclidieae, and Physarieae) have between 30 and 50% neopolyploids and form a heterogeneous group with tribes belonging to all three lineages. The tribe Physarieae (135 spp, 46% neopolyploids) might be species and polyploidy rich because of a purported WGD (Lysak et al., 2009) , whereas the high number of neopolyploids in Boechereae (128 spp, 45% neopolyploids) is due to the apomictic mode of reproduction (Kiefer et al., 2009a (Kiefer et al., , 2009b Kiefer and Koch, 2012; Mandáková et al., 2015; Mau et al., 2015) . Numerous triploid apomicts in the tribe Boechereae have been shown not to be necessarily an evolutionary dead end, being mostly facultative and not obligate apomicts (Aliyu et al., 2010) . Alysseae (275 spp, 32% polyploids), Coluteocarpeae (128 spp, 31% polyploids), and Euclidieae (151 spp, 36% polyploids) most likely have not undergone a mesopolyploid WGD.
Genome Size Evolution and Chromosome Number Variation
Testing the various hypotheses for how genome size (GS) might have changed during polyploidization and radiation processes, we found no significant correlation [Kendall's tau-b coefficient T B = 0.294, Spearman's rank order coefficient r (rho) = 0.382] between holoploid GS and holoploid chromosome number (Table 2 ). This contradicts a hypothesis of continuous GS increase over evolutionary time scales (e.g., as significantly shown for Fritillaria; Kelly et al., 2015) and, inversely, suggests rapid genome reorganization and genome downsizing after polyploidization (Leitch and Bennett, 2004; WeissSchneeweiss et al., 2006; Lysak et al., 2009) . Monoploid GS and monoploid chromosome number also showed no significant correlation [Kendall's tau-b coefficient T B = 0.337, Spearman's rank order coefficient r (rho) = 0.441]. This finding also contradicts the idea of increasing GS per monoploid genome, thereby indicating effective shrinkage and diploidization of genomes after WGD.
GS within the Brassicaceae family was low in general (mean 1 Cx = 0.66 6 0.30 pg) (Table 1, Figure 3 ), but the average GS for lineage III tribes (mean 1 Cx = 2.06 6 1.01 pg) was comparatively high and significantly different from the family's mean (Table 1, Figure 3 ). Fossil constraints and tree root height are indicated accordingly. The a-WGD was placed on the figure at 47 million years (maximum age estimated in Kagale et al., 2014) . Divergence times are indicated with 95% confidence intervals.
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The Plant Cell We extrapolated GS values into genomes sizes in megabase pairs following Hohmann et al. (2014) with 1 pg DNA = 780 Mb. These data might be a valuable resource for many genomic analyses (following an Arabidopsis example from Hohmann et al. [2014] ; e.g., Arabidopsis thaliana 1 Cx 0.173 pg = 135 Mb; Arabidopsis cebennensis 1 Cx 0.281 pg = 219 Mb). These values in megabase pairs are close to genome sizes ignoring (peri)centromers, repeat-rich regions, and rDNA, as these regions frequently have not been sequenced and/or assembled. Consequently, "real" genome sizes are then underestimated by ;25% (Bennett et al., 2003) .
Impact of Polyploidization on GS Variation
To test the idea that polyploidization during the evolutionary history of the family was a prerequisite for subsequent diversification and radiation of the different main lineages and tribes, we investigated the relationship between the percentage of polyploids per tribe and mean tribal GS.
The results are shown in Figure 3 and some remarkable trends can be seen: (1) All main evolutionary lineages tend to reduce their monoploid GS close to the inferred ancestral genome size (ancGS) of ;0.5 pg, i.e., 390 Mb (Lysak et al., 2009) or even lower, close to the smallest genome size (A. thaliana, 0.16 pg); (2) all tribes that are species rich (>200 taxa, black-circled dots; see also Figure 2 ) and in parallel highly polyploid (>50% neopolyploids) have monoploid GS smaller than the ancGS (Arabideae, Cardamineae, Erysimeae, and Lepidieae).
Interestingly, all tribes assigned to lineage III exceed the ancGS with their tribal means, by up to 9-fold in Hesperideae. These tribes contain <50% neopolyploids and with the exception of Euclidieae are relatively species poor (Table 1, Figure 2 ).
To look for potential correlation at the family level between GS variation and life strategy, we screened the relevant literature and original species descriptions for lifestyles (annual/winter annual and monocarpic; biennial and monocarpic; and polycarpic) in species with known cytogenetic data (Supplemental Data Set 2). We found a weak but significant relationship (rank correlation test r = 0.165, P < 0.01) between GS and developmental lifestyle, with GS in annuals being significantly (P < 0.01) lower (0.631, SD = 0.31) than in bi/perennials (0.902, SD = 0.62). Across the whole Brassicaceae, 28% of species are annuals and a comparable proportion of annual species (27%) is found in all six tribes of lineage III (Figure 3) . However, among the six lineage III tribes with largest genomes among Brassicaceae, Chorisporeae and Euclidieae have smaller genomes and 35% annual species, whereas the four tribes (Anchonieae, Buniadeae, Dontostemoneae, and Hesperideae) possessing larger GS contain only 18% annuals (Figure 3 ).
DISCUSSION
Here, we aimed to provide a biogeographic-paleoenvironmental concept for crucifer evolution and radiation highlighting that important environmental/climatic transitions correlate with diversification and radiation of Brassicaceae from the onset of the Oligocene. These climatic changes provided new ecological and geographical spaces into which the infra-familiar evolutionary lineages could evolve. In parallel, the increase in biodiversity was accompanied by major changes in the genomic makeup. Here, multiple and often clade-specific polyploidization events played an important role, although we acknowledge polyploidization alone cannot always explain subsequent species radiations. It seems that the ability of crucifers to diploidize and stabilize their duplicated genomes rapidly is important in maintaining the diversity created via adaptive evolution within drastically changing environments, thereby enabling them to maintain genetic diversity as a whole over long periods of time. Major Brassicaceae lineages are indicated by different colors. The six most species-rich tribes (indicated by black circled dots) comprise nearly 50% of the species diversity of the whole family with more than 200 species each. Mesopolyploidy has been reported for five tribes to date (tribe abbreviations in bold).
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Brassicaceae Species Radiation and Paleoenvironment
The onset of crown group diversification of Brassicaceae started with the split of tribe Aethionemeae at the transition from Eocene to Oligocene (32.4 mya). Later evolutionary splits are found at the Oligocene-Miocene boundary followed by a rapid radiation of major lineages and tribes. The split of Aethionemeae from the rest of the family might favor the idea that the family originated in the Irano-Turanian region because this tribe shows clear affinities with this region as outlined much earlier (Hedge, 1976; Al-Shehbaz et al., 2006) and the whole Brassicaceae has its highest worldwide species richness in this region (Koch and Kiefer, 2006) . For most tribes of the Brassicaceae, we have not elaborated detailed phylo/biogeographic scenarios that enable us to link paleoenvironmental and climatic data with species evolution in a spatio-temporal context. However, a more general picture emerged from Couvreur et al. (2010) with limited DNA sequence data that included sequence information from the mitochondrial genome. A very similar scenario is depicted by the results presented here (Supplemental Figure 2) . Tribes from monophyletic lineage I all evolved with stem group ages ranging from 9 to 17 mya. Representative tribes from monophyletic lineage III show consistent emergence at ;17 mya with a maximum stem age of ;21 mya. The only difference is that the stem ages of main lineages I and II are overestimated at 27 and 28 mya, respectively, by Couvreur et al. (2010) . This discrepancy could be explained by phylogenetic uncertainties in tree reconstruction (e.g., assuming the monophyly of lineage II, which is obviously misleading; Franzke et al., 2011) .
Various contributions in recent years have aimed to set the evolutionary past of crucifers into a broader biogeographicalecological and environmental context. At the tribal level, Arias et al. (2014) estimated the stem age of tribe Brassiceae at ;24 mya and hypothesized it originated close to the Arabian Peninsula and Saharan Africa, with its various sublineages diversifying during the Miocene when the Anatolian plate collided with Africa and Arabia and the Mediterranean was cut off from the Indian Ocean (Rögl, 1999; Arias and Pires, 2012) . This age might be overestimated because it is based on calibration with a fossil presumably from tribe Thlaspideae with a minimum age of ;30 mya (Beilstein et al., 2010) .
Interestingly, subsequent radiation of various genera from tribe Brassiceae overlaps with the Messinian salinity crisis (5.96 to 5.33 mya), which caused a severe drawdown of the sea level and major aridification around the Mediterranean basin (Thompson et al., 2005; Blondel et al., 2010; Garcia-Castellanos and Villaseñor, 2011) . Consequently, the Messinian salinity crisis could have The monoploid chromosome number of each taxon was adopted from the literature or deduced under the assumption of an ancestral crucifer karyotype of n = 8 for lineages I and III and n = 7 for (extended) lineage II (Mandáková and Lysak, 2008) . **P < 0.01. Major Brassicaceae lineages are indicated by different colors. The mean GS for six lineage III tribes exceeds the ancestral genome size (ancGS) of ;0.5 pg (Lysak et al., 2009 ). Mesopolyploidy has been reported for five tribes to date (tribe abbreviations in bold). The six most species-rich tribes (more than 200 species each) are indicated by black circled dots.
The Timing of Brassicaceae Evolution 7 of 15 promoted lineage diversification either via adaptive radiation or through geographically induced allopatric events. The most species-rich tribe, Arabideae, with more than 500 species, has been demonstrated to have a stem group age of ;18 mya, also close to the Oligocene-Miocene boundary (Karl and Koch, 2013) . Here, we can assume an Irano-Turanian origin of the tribe with subsequent radiations mostly in the Eastern Mediterranean, but also in various alpine regions in Eurasia (Karl and Koch, 2013) . The Late Miocene with its generally more stable climate throughout the Tortonian, 11 to 17 mya, is considered very important for subsequent species radiation in Arabideae. The crown group age of Cochlearieae was estimated to ;13 mya (Koch, 2012) , well in agreement with a much older stem group age that might be close to 20 mya as estimated in this study (Figure 1 ). Cochlearieae experienced a long evolutionary stasis throughout the whole Late Miocene, and species radiation of the cold-adapted genus Cochlearia started earliest after migration to northern regions outside the Mediterranean and with the onset of glaciation and deglaciation cycles in the Pleistocene.
A. thaliana crown group divergence was previously dated to ;5.1 to 5.4 mya using one plastid and two nuclear markers (Koch et al., 2000) , which is in agreement with the mean estimate of 5.8 mya presented here based on the whole-chloroplast genome. Similar to radiation within the young polyploid complex Cochlearia, subsequent speciation within perennial Arabidopsis species also started during Pleistocene glaciation and deglaciation cycles. This is also in agreement with phylogeographic-evolutionary studies of A. thaliana's perennial relatives Hohmann et al., 2014) , placing any split within this genus in the Pleistocene epoch (Jakobsson et al., 2006; Koch and Matschinger, 2007; Schmickl et al., 2010 Schmickl et al., , 2012 Roux et al., 2011; Pauwels et al., 2012; Tsuchimatsu et al., 2012) .
Some major confusion and incongruences among divergence time estimates within the Arabidopsis clade arose from a much older crown group divergence time estimate of ;13 mya (Beilstein et al., 2010) . Two-to threefold higher estimates are found throughout Beilstein et al. (2010) , which consequently provides a higher estimate for the Brassicaceae crown group radiation at 54 mya and contradicts the recently published, major angiospermwide data set (Magallón et al., 2015) . The most likely explanation for this major incongruence is a fossil (Thlaspi primaerum; Becker, 1961; Wing, 1987) used to constrain the stem age of tribe Thlaspideae at ;30 mya (Beilstein et al., 2010) . The argument for using this fossil to set a minimum age for Thlaspideae is weak for various reasons. The most important concern is that there is no convincing argument to believe that the specimen belongs to Thlaspi , a genus that has been notoriously difficult when relying on morphological characters only (Mummenhoff et al., 1997) . However, fully in accordance would be a more parsimonious perspective, also followed by Magallón et al. (2015) , namely, using the T. primaerum fossil as a minimum age for Brassicaceae. Consequently, past estimates of Brassicaceae crown group age (Aethionemeae versus the rest of the family; 30 to 60 mya [Koch et al., 2000 [Koch et al., , 2001 , 24 to 40 mya [Ermolaeva et al., 2003 ], 34 mya , 24 to 40 mya [Henry et al., 2006] , 40 mya [Fawcett et al., 2009] , and 32 mya [Edger et al., 2015] ) are all in agreement with our estimate of 34 mya. It should also be mentioned that another study (Franzke et al., 2009 ) produced divergence time estimates consistently 2 to 3 times younger than the values proposed here. The reasons remain unclear but it could be assumed that (1) only a single secondary constraint was used and (2) that the rate of nucleotide evolution was correlated across the tree, thereby not accounting for uncertainties in the phylogenetic hypothesis and placement of fossil age constraint in general.
Polyploidization as a Source of Past and Future Diversification in Brassicaceae
Although polyploidy has long been considered important for plant speciation and diversification (Stebbins, 1938 (Stebbins, , 1950 Ehrendorfer, 1980) , the advent of -omics technologies within the last decade has demonstrated that every seed plant on Earth carries a genome that has experienced at least a single round of whole-genome duplication (Amborella Genome Project, 2013). It is also widely accepted that genome multiplications drive taxonomic, phenotypic, and ecological diversification (Soltis et al., 2009; Tank et al., 2015) . Following WGD, large fractions of a duplicated genome are eliminated over several millions of years of evolution. This process is not only a simple mechanistic vehicle to stabilize and maintain the general functions of the genome, associated with genome downsizing and chromosome number decreases (Lim et al., 2007; Leitch and Leitch, 2008; Lysak et al., 2009) , but also provides a playground for gene neofunctionalization (e.g., flower evolution [Eckardt, 2006] , the glucosinolate pathway [Yang et al., 2014] , and silencing/loss of duplicated gene copies). Naturally, these diploidization processes are subject to selection, and any outcome is a result of interactions between intrinsic and extrinsic factors, such as the environment and biotic and abiotic interactions; thus, increased species diversification and adaptive radiation often follows the initial polyploidization. A similar concept has been first introduced by Schranz et al. (2012) as "WGD radiation lag-time hypothesis," stating that among angiosperm lineages often WGD contributed to the evolution of key defining traits, and after lineage splitting and (secondary) dispersal events in the background of major environmental changes species radiations might happen. This concept has been further tested and proven by Tank et al. (2015) . However, ongoing diversification and radiation is not necessarily connected to additional polyploidization, but should be associated with rapid genome downsizing and diploidization. Consequently, polyploidization per se should be only weakly correlated with species number increases over longer periods of time.
As exemplified by Brassicaceae, this is exactly what we observe across tribes, which define monophyletic clades representing a time span of 20 to 10 million years. Despite polyploidization, the tribes on average do not show any significant genome size increases (Table 2) . On the contrary, genome downsizing toward or even below the ancGS value is prevalent across the family (Figure 2 ).
An excellent example of neofunctionalization is a major plantinsect coevolutionary innovation: the pierid (butterfly) glucosinolate detoxification mechanism, which has been reviewed recently (Wheat et al., 2007; Beilstein et al., 2010) . This mechanism is matched by new glucosinolate pathways leading to new chemical defense compounds. Here, WGD in the Brassicales and Brassicaceae played a major role (Hofberger et al., 2013) (Braby and Trueman, 2006; Wheat et al., 2007) , thereby suggesting that the increased diversification of the Pierinae resulted from a host-plant shift onto Brassicales/ Brassicaceae, which matches perfectly the onset of crown group radiation in Brassicaceae ;32 mya. Several members of the subfamily Pierinae also feed on host plants from the families Capparidaceae, Santalaceae, and Loranthaceae, and among members of the other three subfamilies of the Pieridae there are many tropical lineages (DeVries, 2001 ). This coincides with the fact that the estimated stem age of the Pieridae family is between 82.5 and 111 mya and the early evolution of tropical Brassicales is in the same temporal dimensions (Wheat et al., 2007; Beilstein et al., 2010; Edger et al., 2015) .
Unusual Genome Size Increase in Tribes of Lineage III
The overall tendency of genome downsizing across the Brassicaceae is not followed by lineage III. Four tribes from lineage III (Anchonieae, Buniadeae, Dontostemoneae, and Hesperideae) harbor species with the largest genomes in the family, while the remaining two tribes (Chorisporeae and Euclidieae) have smaller but still relatively large genome sizes ( Figure 2 , Table 1 ). These findings are congruent with those of Lysak et al. (2009) . This group, particularly the analyzed genera Bunias, Hesperis, Matthiola, and Clausia, has paradoxical karyological characteristics: exceptionally large genomes for crucifer species, but few (n = 6 to 7) very large chromosomes. Interestingly, based on the available data, none of these tribes have undergone an extensive radiation compared with the most species-rich tribes nor are they characterized by a high percentage of polyploids (Figure 1 ). The larger genome sizes in most tribes of lineage III are positively correlated with the percentage of perennial and polycarpic species in these tribes. This is in accordance with the observed relationship between DNA content and lifestyle expressed as minimum generation time (reviewed in Leitch and Bennett, 2007) . In lineage III genomes, the GS increase through accumulation of repetitive sequences probably limits the option of being an ephemeral or annual, in favor of the perennial polycarpic lifestyle. In Chorisporeae and Euclidieae, the higher proportion of annual species is associated with genomes being significantly smaller than in the four remaining tribes. As discussed by Lysak et al. (2009) , the unusual association of large genome sizes, large chromosomes and lower-than-ancestral chromosome numbers can be explained by several nonexclusive processes, namely, a still overlooked WGD event prior to the diversification of lineage III followed by independent diploidizations, resulting in quasidiploid genomes with ancestral-like or lower chromosome numbers. However, a species from Hesperideae (Hesperis matronalis; a neopolyploid species with 2n = 24) was investigated recently (Kagale et al., 2014) , but a past mesopolyploidization was not detected in this genome. Alternative scenarios include amplification of repetitive elements only in the four tribes (Anchonieae, Buniadeae, Dontostemoneae, and Hesperideae) or the existence of an effective downsizing mechanism in Chorisporeae and Euclidieae. Clearly, a WGD followed by diploidizing descending dysploidy and amplification of retrotransposons and satellite repeats are mutually nonexclusive and can act in parallel. When looking for parallels across Brassicaceae, both alternatives show some support. Genome evolution through WGD diploidization cycles toward small diploid-like genomes with small chromosomes is characteristic of Brassiceae, Heliophileae, and Microlepidieae, but evolution in some Physarieae taxa most likely represents a pattern of WGD followed by diploidization and descending dysploidy toward large genomes with a few large chromosomes (Lysak et al., 2009 ).
Polyploidization and Radiation in the Brassicaceae
Although the long-term importance of polyploidy, and particularly its association with lower diversification rates, was disputed recently (Mayrose et al., 2011; Arrigo and Barker, 2012) , a number of large-scale radiations were preceded by WGD events (Soltis et al., 2009; Jiao et al., 2012; Vanneste et al., 2014) . In Brassicaceae, mesopolyploid WGDs postdating the a-WGD most likely accelerated diversification and species radiation in the Brassiceae (Lysak et al., 2005) , the New Zealand and Australian Microlepidieae (Mandáková et al., 2010a (Mandáková et al., , 2010b , Heliophileae (Mandáková et al., 2012) , Biscutelleae (C. Geiser, T. Mandáková, N. Arrigo, M.A. Lysak, and C. Parisod, unpublished results), Thelypodieae (Burrell et al., 2011) , Leavenworthia (Cardamineae; Haudry et al., 2013) , and possibly in Physarieae (Lysak et al., 2009) .
The extent of post-WGD diploidization varies among polyploid lineages according to the age of these events, ecogeographic conditions, and intrinsic factors. Whereas diploidization progressed to low quasidiploid chromosome numbers in Microlepidieae and Physarieae, the chromosome counts in Thelypodieae, Heliophileae, and Brassiceae remained relatively high ($n = 20). We argue that genome diploidization often associated with descending dysploidy can further promote diversification through speciation and cladogenesis (origin of new genera), presumably through chromosome rearrangements creating reproductive barriers to infraspecific gene flow. Furthermore, diploidized mesopolyploid species may produce neopolyploid taxa via autopolyploidization or allopolyploidization. This would explain the coincidence between pronounced karyological (multiple monoploid chromosome numbers in genera and tribes), morphological and taxonomic diversity, eco-geographic variation, and frequently reticulate and complex phylogenetic relationships in mesopolyploid genera and tribes. A summary of the numbers of species/genera and tribes and currently incorporated data in BrassiBase and its coverage of taxonomic ranks within the Brassicaceae (total number and percentage of total number) used for the analyses conducted here. An increase in the number of polyploids coupled with increased speciation rates and species richness has been demonstrated for a few significant groups within the Brassicaceae: tribe Arabideae, and in particular for the largest genus in the family, Draba, with ;400 species (Jordon-Thaden et al., 2013); tribe Heliophileae (Mandáková et al., 2012) ; and Cochlearia within tribe Cochlearieae (Koch et al., 1998) . These radiations are all recent diversifications seen within the scenarios of increased aridity in the Late Pliocene and of alternating cold and warm phases during Pleistocene glaciation and deglaciation cycles (Warren and Hawkins, 2006; Mandáková et al., 2012) .
In summary, we conclude that polyploidization in Brassicaceae is not an evolutionary dead end, but it is a prerequisite for subsequent diversification and radiation. Therefore, it will be exciting to see what future studies on other polyploid-rich angiosperm plant families reveal.
METHODS
Plant Material and Taxon Sampling
Chromosome number information from ;1653 Brassicaceae species has been accumulated in recent years; we obtained the details using the Cytogenetics Tool from the BrassiBase knowledge database system for cytogenetic analysis Koch et al., 2012; Kiefer et al., 2014) . The corresponding taxon list is provided in Supplemental Data Set 1. An overview of the data indicating species coverage per individual tribe is provided in Table 3 . The information gathered included chromosome numbers and a survey of ploidy levels and corresponding base chromosome numbers, but also categorization of neopolyploidy and mesopolyploidy (if documented). The base chromosome numbers found within the various tribes varied from 4 to 19 (Lysak et al., , 2009 ; these are also provided (based on Warwick and Al-Shehbaz, 2006) . Genome size data were collected from the literature, but a considerable number of taxa (334 in total) were newly investigated for this study (Supplemental Data Set 3) .
For all taxa with cytogenetic information available, we surveyed the relevant literature (e.g., flora and species descriptions) but also consulted original voucher material from various herbaria to collect life cycle information (annual/winter annual, biennial, perennial, and polycarpic).
Cytogenetic Analyses
It is well documented with several examples at various taxonomical levels (species complexes, genera, and tribes) that crucifer evolution is often characterized by hybridization and polyploidization. Therefore, here we aimed to provide a comprehensive overview of the occurrence of neopolyploidy across the entire family. We further aimed to compare the phenomenon of neopolyploidy tribe-wise with corresponding base chromosome numbers and average genome size across tribes and the whole family.
Nuclear DNA content was determined using flow cytometry following a simplified two-step protocol (Doležel et al., 2007) . Approximately 10 mm 2 of fresh leaf tissue from each plant to be analyzed was chopped together with an appropriate volume of the respective internal reference standard (Raphanus sativus cv Saxa, 1.11 pg/2C; Solanum lycopersicum cv Stupicke, 1.96 pg/2C; Glycine max cv Polanka, 2.5 pg/2C; Zea mays cv CE-777, 5.43 pg/2C; Pisum sativum cv Citrad, 9.09 pg/2C) (Doležel et al., 1992) using a sharp razor blade in a Petri dish containing 0.5 mL of ice-cold lysis buffer LB01 (Doležel et al., 1989) supplemented with 2 µg mL 21 b-mercaptoethanol. The suspension was filtered through a 30-mm CellTrics filter (Sysmec-Partec), and 1.5 mL of LB01 buffer was added as well as propidium iodide and RNase (both to a final concentration of 50 mg mL 21 ). After 90 min incubation on ice, the relative fluorescence intensity of 5000 particles was recorded using a flow cytometer (CyFlow Space; SysmexPartec) equipped with a green (532-nm) solid-state laser. We applied the following stringent criteria to get precise and stable flow cytometric results: (1) Only analyses where the coefficient of variation of the sample peak was below 5% were taken into account; (2) each sample was measured twice on different days to minimize potential random instrumental drift (Doležel and Bartoš, 2005) ; and (3) if the between-day variation exceeded a 5% threshold, another measurement was made and the most remote value was discarded when the sample was reanalyzed. The histograms were evaluated with the FloMax FCS 2.0 program (Sysmex-Partec). The data were deposited in BrassiBase Kiefer et al., 2014) .
Chromosome number reports from recent decades were critically evaluated regarding taxonomy and reliability. The complete documentation and citation list (with 1421 citations) is accessible via BrassiBase (Kiefer et al., 2014) .
The cytogenetic data were first analyzed in a descriptive way to provide a comprehensive overview. We then tested two hypotheses in more detail.
(1) As a result of past and recent polyploidization events, the holoploid chromosome number (n, whole set of chromosomes) increases and the genome size of the whole chromosome set (holoploid genome size, Cvalue) is assumed to increase as well. We tested whether this correlation was true or if rapid genome downsizing over the entire data set suggested rapid genetic stabilization and diploidization of whole genomes leading rapidly to mesopolyploids. (2) As a consequence of WGD, the base chromosome number (x, haploid chromosome number of a series of chromosome numbers within a taxon) might increase and genome size corrected for recent polyploidy (monoploid genome size, 1 Cx value) might be assumed to increase as well. Statistical rank correlation tests were performed with SPSS v19.0 (IBM)
Taxon Sampling for Phylogenetic Analyses and Divergence Time Estimates
Genomic data for phylogenetic analysis and divergence time estimates were either retrieved from the NCBI or newly generated for this study. Our aim was to include all significant lineages of the Superrosidae clade exemplified earlier in an angiosperm-wide chloroplast genome data set (Ruhfel et al., 2014) , but in particular the sister relationships among lineages where reliable fossil evidence was used for angiosperm-wide divergence time estimates (Magallón et al., 2015) . In addition to data available at GenBank/NCBI, we included the chloroplast genomes of Mangifera indica from Azim et al. (2014) and Malus domesticus from http://rosaceae.org (Velasco et al., 2010) . Vitis vinifera was used as an outgroup to the Superrosidae clade. Finally, we added 12 newly sequenced chloroplast genomes from various Brassicaceae including five chloroplast genomes from Arabidopsis representing all major lineages of the genus (Hohmann et al., 2014) , as well as their close relatives Capsella rubella and Camelina sativa. Five genomes were added from Cochlearia and Ionopsidium representing the best documented example of reticulate evolution that has generated a series of auto-and allopolyploids (Koch et al., 1998 (Koch et al., , 1999 (Koch et al., , 2003 Koch, 2002 Koch, , 2012 . In total, we included 29 Brassicaceae chloroplast genomes from 11 tribes and all three major evolutionary lineages. A summary of accession codes and biological resources is given in Supplemental Data Set 4. 
De Novo Sequence Assembly of Chloroplast Genomes
Complete chloroplast genomes were assembled in CLC Genomics Workbench v6.0.4 (CLC Bio). Quality and adapter trimming was conducted using a minimum per-base quality of 0.001 (corresponding to a phred score of 30) and minimum sequence length of 50 bp. For the Arabidopsis, Capsella, and Camelina chloroplasts, trimmed paired reads were assembled using the legacy version of the CLC de novo assembly algorithm (length fraction 0.9, similarity 0.9, and appropriate distance settings). Chloroplast contigs were identified using BLASTn (with default parameters) and aligned manually to the closest related, published complete chloroplast sequence (Arabidopsis thaliana for Arabidopsis species, Capsella bursa-pastoris for Capsella rubella, and Camelina sativa) using PhyDE v0.9971 (Müller et al., 2010) . Gaps between nonoverlapping contigs were filled from the reference sequence, creating a preliminary pseudo-reference. To obtain the complete chloroplast genome and as a quality control, the reads were then mapped back to this sequence in CLC using the legacy version algorithm with a length fraction of 0.9, a similarity fraction of 0.9, and appropriate distance settings. Misalignments and mismatches between the reads and pseudo-reference were detected by checking the mapping manually and using the CLC variant detection (minimum coverage 1; variant probability 0.1). Subsequently, the sequence was adjusted and the variant detection steps were repeated until no further variants were found. The de novo assembly of the four Cochlearia samples and Ionopsidium acaule was performed according to the workflow described above with the following slight modifications: The length and similarity fractions of the standard CLC de novo assembly algorithm were set to 0.8 and the cp genome of Cochlearia borzaeana, made up of two overlapping de novo contigs, was used as a reference for further contig alignments.
Alignments and Phylogenetic Data Matrix
Complete chloroplast sequences were aligned using MAFFT v7.017 (Katoh et al., 2002 (Katoh et al., , 2005 implemented in Geneious v7.1.7 (Biomatters). The FFT-NS-ix1000 algorithm was used, with the 200 PAM/k = 2 scoring matrix, a gap open penalty of 1.53, and an offset value of 0.123. Alignments were constructed for every order separately, or, if not possible because of major rearrangements in the order of genes, for smaller data sets. Coding sequences were then extracted from the alignments according to published annotations, and introns were excluded. Finally, the gene alignments of all orders were combined, and genes with no missing data were selected, i.e., coding sequence annotations had to be present for all sequences, except Mangifera indica and Malus domesticus (which were not annotated, so the annotation of the closest relative was used); pseudogenes were excluded. This resulted in a set of 73 genes, including 51 protein-coding genes, 19 tRNAs, and three rRNAs. All genes were realigned (settings as above) and checked manually, and for protein-coding genes start and stop codons were excluded from further analyses because of their high potential for homoplasy.
Indels were excluded from the alignments using Gblocks v0.91b (Castresana, 2000) . The minimum length of a block was set to 2 bp, and because of the high sequence divergence in the data set, nonconserved blocks were also saved. The remaining data set comprised 38,622 bp of sequence information, of which 15,010 characters were variable.
To account for rate heterogeneity among genes, the data set was partitioned into subsets of genes evolving at a similar rate under the same substitution model using PartitionFinder v1.1.1 (Lanfear et al., 2012 (Lanfear et al., , 2014 . Branch lengths were allowed to be unlinked, and only models implemented in BEAST were tested, with BIC used for model selection in a greedy search. Three subsets were found, of 20,655, 11,210, and 6757 bp (7388, 6343, and 1279 variable characters, respectively), each with GTR+G+I as the substitution model. Alignments are provided in Supplemental Data Set 5.
Phylogenetic Analysis
Phylogenetic trees were reconstructed with ML using RAxML v8.1.16 (Stamatakis, 2014) based on the three partitioned sequence alignments described above. A rapid bootstrap analysis and search for the best-scoring ML tree was conducted with 1000 bootstrap replicates. The partitioned data set with per-partition estimation of branch lengths was used with GTR+I+G as the substitution model and Vitis vinifera was chosen as an outgroup. Initial ML analyses used a larger data set. For computational feasibility of BEAST analyses, we excluded closely related species within well represented clades but aimed to keep representatives of all major lineages, major crops, and taxa with whole nuclear genome sequence information available.
Divergence Time Estimation and Fossil Calibration
Divergence time estimation was conducted in BEAST v1.7.5 (Drummond et al., 2012) using independent site and clock models, but a combined partition tree for the three partitions (GTR+I+G). Vitis was defined as an outgroup. The ML tree was used as a starting tree after it was made ultrametric with node ages to fit constraints using the R package APE version 3.1-4 (Paradis et al., 2004) .
We used an uncorrelated lognormal relaxed clock approach with estimated rates to account for rate variation among branches (Drummond et al., 2006) . We chose four fossil constraints that were also used in the most recent and comprehensive angiosperm-wide temporal analyses and were in accordance with Magallón et al. (2015) . Following Njuguna et al. (2013) , the minimum age for the Prunus/Malus split was set to 48.4 mya (Benedict et al., 2011) and the Castanea/Cucumis split to 84 mya (Sims et al., 1999; Moore et al., 2010) . Following Bell et al. (2010) , the minimum age for Mangifera/Citrus was set to 65 mya (Knobloch and Mai, 1986) and for Oenothera/Eucalyptus to 88.2 mya (Takahashi et al., 1999) . The recently introduced fossil from within the Brassicaceae (Thlaspi primaerum) (Beilstein et al., 2010) was not included and we followed Magallón et al. (2015) , who used this taxon to set a minimum age for the Brassicaceae crown group of ;25 mya. However, because all phylogenetic-temporal analysis demonstrated higher ages than that for the radiation of the family, there was no need to include fossil evidence that is still under debate (Franzke et al., 2011) . A uniform distribution was used for all four fossil constraints with a maximum age of 125 mya. The root was calibrated with a uniform distribution between 92 and 125 Ma (minimum age of 125 mya to crown eudicots; Magallón et al., 2015) . We also tested whether exponential or log normal distributions of fossil calibrations resulted in different age estimates by running the same analyses but with 100,000,000 generations. However, no substantial differences were found, so we chose uniform distributions, which use the least assumptions and assume the same model used in the most recent contribution (Beilstein et al., 2010) .
We ran two independent MCMC runs with 500,000,000 generations each and sampling parameters every 50,000 generations. LogCombiner v1.7.5 (Drummond et al., 2012) was used to combine trees from the two runs and the first 50,000,000 generations of each run were discarded as burn-in. The resulting 18,000 trees were combined to a maximum clade credibility tree in TreeAnnotator v1.7.5 (Drummond et al., 2012) and visualized in FigTree v1.4.1 (Drummond et al., 2012) .
Life Cycle and Genome Size
For all taxa with cytogenetic data available, the relevant literature and material (floras, databases, original voucher specimens via digitally available databases such as JSTOR plant) were inspected to survey information on their life cycles. We categorized life cycles into (1) annual and winter-annual (both monocarpic), (2) biennial (monocarpic), and (3) perennial (polycarpic). We used rank correlation tests to compare this information with genome size data (also 
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